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In this  paper,  we present  model  simulations  of  ground  motions  caused  by CO2-injection-induced  fault
reactivation  and  analyze  the  results  in  terms  of the  potential  for damage  to ground  surface  structures  and
nuisance  to  the  local  human  population.  It  is  an  integrated  analysis  from  cause  to  consequence,  including
the  whole  chain  of  processes  starting  from  earthquake  inception  in the subsurface,  wave  propagation
toward  the  ground  surface,  and assessment  of  the  consequences  of  ground  vibration.  For a  small  magni-
tude  (Mw =  3)  event  at a hypocenter  depth  of  about  1000  m,  we  ﬁrst  used  the simulated  ground-motion
wave  train  in an  inverse  analysis  to estimate  source  parameters  (moment  magnitude,  rupture  dimensions
and  stress  drop),  achieving  good  agreement  and thereby  verifying  the  modeling  of  the  chain  of processes
from earthquake  inception  to ground  vibration.  We  then  analyzed  the  ground  vibration  results  in terms
of peak  ground  acceleration  (PGA),  peak  ground  velocity  (PGV)  and  frequency  content,  with  comparison
to  U.S.  Geological  Survey’s  instrumental  intensity  scales  for earthquakes  and  the U.S.  Bureau  of  Mines’
vibration  criteria  for cosmetic  damage  to  buildings,  as  well  as human-perception  vibration  limits. Our
results  conﬁrm  the  appropriateness  of  using  PGV  (rather  than  PGA)  and frequency  for the evaluation
of  potential  ground-vibration  effects  on  structures  and  humans  from  shallow  injection-induced  seismic
events.  For  the  considered  synthetic  Mw =  3  event,  our analysis  showed  that  the  short  duration,  high  fre-
quency  ground  motion  may  not  cause  any  signiﬁcant  damage  to surface  structures,  but  would  certainly
be  felt  by the  local  population.
d  by Publishe
. Introduction
Deep underground injection of carbon dioxide (CO2), or geo-
ogic carbon storage (GCS) in deep sedimentary formation such as
aline aquifers and depleted hydrocarbon reservoirs is one impor-
ant option being considered for sequestering CO2 (and thereby
educing the emission of greenhouse gases to the atmosphere).
oupled ﬂuid ﬂow and geomechanical processes can be signiﬁcant
ssociated with such injection (Orlic, 2009; Rutqvist, 2012). In par-
icular the potential for fault reactivation and induced seismicity
ave recently received increased attention from CO2 sequestration
takeholders and media, especially after two recent high-proﬁle
ublications. First, in anticipation of public concern about the
∗ Corresponding author at: One Cyclotron Road, MS  90-1116, USA.
el.: +1 510 486 5432; fax: +1 510 486 5686.
E-mail address: jrutqvist@lbl.gov (J. Rutqvist).
1 Now at Institut de Physique du Globe de Paris, Paris, France.
ttp://dx.doi.org/10.1016/j.ijggc.2014.02.017
750-5836/Published by Elsevier Ltd. This is an open access article under the CC BY-NC-NElsevier  Ltd.  This  is  an open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
potential for energy development projects to induce seismicity, the
U.S. Congress directed the U.S. Department of Energy to request
that the National Research Council examine the scale, scope, and
consequences of seismicity induced during ﬂuid injection and with-
drawal activities related to geothermal energy development, oil
and gas development (including shale gas recovery), and carbon
capture and storage (CCS). That study, published in 2012 (National
Research Council, 2012), concluded that projects that involve
injecting or extracting large net volumes of ﬂuids over long periods
of time (such as CCS) may  have the potential to induce large seismic
events, though insufﬁcient information exists for understanding
this potential, because no large-scale CCS projects are yet in opera-
tion. In another article, published in the Proceedings of the National
Academy of Sciences of the United States of America (PNAS), Zoback
and Gorelick (2012) concluded that there is a high probability that
earthquakes would be triggered by injection of large volumes of
CO2 into the brittle rocks commonly found in continental interiors,
and because even small- to moderate-sized earthquakes threaten
the seal integrity of CO2 repositories, large-scale CCS would be
D license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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 risky and likely unsuccessful strategy for signiﬁcantly reducing
reenhouse gas emissions to the atmosphere. Zoback and Gorelick
2012) were concerned about basin-scale ﬂuid-pressure distur-
ances that would be expected from multiple large-scale injection
perations associated with coal power plants in areas such as the
idwestern U.S.—even though they still maintained that geologic
O2 sequestration could be valuable and useful at a local level, in
peciﬁc situations, such as in the case of the injection at the Utsira
ormation, at the Sleipner Gas Field in the North Sea.
In their article, Zoback and Gorelick (2012) mentioned reservoir-
nduced earthquakes associated with dam construction and
ater-reservoir impoundment as a good analog for the seismic-
ty potential that could be induced by large-scale CO2 injection,
ecause both activities cause pressure changes that act over large
reas and are persistent for long periods. They also listed a number
f recent seismic small-to-moderate events in the U.S. that seem
o have been triggered by deep waste-water injection, referring
o the critically stressed nature of the Earth’s crust, which sug-
ests that most everywhere in the continental interior, a subset
f preexisting faults in the crust is potentially active in the cur-
ent stress ﬁeld (Zoback and Zoback, 1980). Because of the critically
tressed nature of the crust, ﬂuid injection in deep wells can trig-
er earthquakes when the injection increases the pore pressure in
he vicinity of potentially active faults. In this regard, it is worth
entioning recent seismic events in Prague, Oklahoma in 2010
nd 2011, including a damage-causing Mw 5.7 earthquake, that
ccording to some scientists were associated with deep waste-
ater injection (Keranen et al., 2013). However, it should also be
entioning that the subsurface at many locations is not necessarily
ritically stressed, especially not in sedimentary basins at shallow
epths, (800 m to perhaps 2–3 km)  which are of interest to CO2
torage. Thus, the potential for induced seismicity will be depend-
nt on the site speciﬁc conditions, including local stress ﬁeld and
ock properties.
With regard to shallow injection-induced seismicity of rela-
ively small magnitudes (e.g. Mw < 3), it has been recognized that
he frequency content might be too high to cause any struc-
ural damage, but they could still be felt and considered alarming
y humans (Majer et al., 2012). There are no accepted speciﬁc
uidelines on the control or deﬁnition of acceptable levels of
nduced seismic ground-shaking. In relation to enhanced geother-
al  system (EGS) activities, Majer et al. (2012), in developing a
est-practice protocol for induced seismicity, suggested consid-
ring criteria developed for blasting and construction activities.
he motivation is that seismic energy, frequency bandwidth, and
ange of events generated from these activities is similar to that
rom induced seismic events. Such an approach was  also adopted
y Bommer et al. (2006) and Häring et al. (2008), related to the
evelopment of EGS sites involving hydraulic stimulation of frac-
ured rock masses. In these cases, a trafﬁc-light system was  used,
ncluding thresholds for human disturbance and for damage on vul-
erable houses, deﬁned in terms of peak ground velocity (PGV) or
eak ground acceleration (PGA), with thresholds inferred from rec-
mmendations regarding tolerable vibration levels for blasting and
ile driving. Similar guidelines as those developed and applied for
GS may  also be applied for risk managements related to new GCS
rojects as proposed in a recent International Energy Agency Report
IEAGHG, 2013).
In this paper, we present model simulations of ground motions
aused by CO2-injection-induced fault reactivation and analyze the
esults in terms of the potential for damage to ground-surface struc-
ures and nuisance to the local population (Fig. 1). Starting from previously developed numerical model by Cappa and Rutqvist
2012) we present simulation results of an integrated analysis from
ause to consequence, including the whole chain of processes, from
arthquake inception in the subsurface, wave propagation towardFig. 1. Schematic of injection-induced fault reactivation, wave propagation, and
ground motions, and potential impact on surface structures and human perception
analyzed in this study.
the ground surface, and to assess the consequences of ground vibra-
tion (Fig. 1). In this paper, the main focus is on the analysis of ground
vibrations in terms of the potential for inducing damage to building
structures and human perception. To verify that our ground vibra-
tion results make sense related to the simulated earthquake source
(fault reactivation), we  analyzed the ground-motion wave train to
independently invert for source parameters (moment magnitude,
rupture dimensions, and stress drop). A good agreement between
the synthetic and inverted source parameters veriﬁes that we  cor-
rectly model the chain of processes from earthquake inception to
ground vibration. We present results of ground acceleration and
velocity, and show how these are distributed over multiple loca-
tions on the ground surface. Finally, we compare calculated values
with intensity scales and vibration criteria from the construction
and mining industry, showing that for such a small and shallow
fault reactivation event the short duration, high frequency ground
motion may  not cause any signiﬁcant damage to surface structures,
but would certainly be felt by the local population.
2. Ground vibrations and potential effects on structures
and humans
In this study, we  consider research and guidelines developed
in seismology and earthquake engineering, as well as standards
and guidelines related to ground vibrations associated with con-
struction and mining activities, including blasting. In particular,
blasting has been suggested as a good analog to injection-induces
seismic events, because of their similarities in terms of duration and
frequency content (Bommer et al., 2006; Dowding and Meissner,
2011; Majer et al., 2012).
In the context of seismology and earthquake engineering,
ground acceleration and velocity are important input parameters
66 J. Rutqvist et al. / International Journal of Gre
Fig. 2. USGS ground-surface shake map  around the November 6, 2011, Mw = 5.7,
Prague earthquake and a table with the color scale related to PGA, PGV, and
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and geomechanical numerical modeling to simulate CO injectionodiﬁed Mercalli Intensity. (http://earthquake.usgs.gov/earthquakes/shakemap/
lobal/shake/b0006klz/).
or earthquake engineering in developing response spectra used in
he seismic design of buildings (Chopra, 2012). The acceleration and
elocity from a wave train may  be recorded by seismic instruments
nd the maximum values, i.e., PGA and PGV, provide measurements
f instrumental intensity. Other intensity scales measure felt inten-
ity, e.g., the Mercalli scale, and are based on eyewitness reports,
elt shaking, and observed damage. The United States Geological
urvey (USGS) has developed an instrumental intensity scale which
aps PGA and PGV on a scale similar to the felt Mercalli scale (Wald
t al., 1999). These values are used to provide near-real-time maps
f ground motion and shaking intensity following signiﬁcant earth-
uakes. For example, Fig. 2 shows such a map  developed from the
forementioned November 6, 2011, Mw = 5.7 Prague earthquake.
ig. 2, bottom shows the color code for the Modiﬁed Mercalli Inten-
ity (Imm) values; these have also been empirically correlated with
GA and PGV. However, for injection-induced events, the USGS
cale may  be very approximate, since it was developed based upon
ight larger California earthquakes of M ≥ 5.8 (Wald et al., 1999;
orden et al., 2012) that were tectonic events, which occur much
eeper than shallow injection-induced seismic events.
In the case of shallow, injection-induced seismicity, the frequen-
ies generated are generally too high to cause signiﬁcant structural
amage. As pointed out by Van Eck et al. (2006), large PGAs caused
y small, shallow earthquakes are not unusual (Fletcher et al., 1983;
cGarr, 1984; Wu et al., 2003; Sharma et al., 2013). However, in
hose cases, the strong accelerations are usually short, often only
ne cycle, and the PGV is in these cases often a more robust dam-
ge indicator (Van Eck et al., 2006). Both Van Eck et al. (2006) and
ommer et al. (2006) studied the response spectra from recordings
f injection/production-induced and natural events of low to mod-
rate magnitudes showing a pronounced peak at a frequency ofenhouse Gas Control 24 (2014) 64–77
about 10 Hz. A frequency of 10 Hz is near the upper limit of the natu-
ral frequency range of a one-story building, and near the lower limit
of the natural frequencies for walls and ﬂoor structures (Dowding,
1996; Dowding and Meissner, 2011).
Following suggestions by Majer et al. (2012), in their best-
practice protocol for induced seismicity associated with EGS
activities, here we consider criteria developed for blasting and
construction activities. The seismic energy, frequency bandwidth,
and range of events generated from these activities are similar to
that from induced seismic events. Thresholds for human disturb-
ance and for damage on vulnerable houses are deﬁned in terms
of PGV, with thresholds inferred from recommendations for tol-
erable vibration levels due to blasting and pile driving, and from
correlations between PGV and seismic intensity. These PGV criteria
are almost universally used by the construction and mining indus-
try to assess the potential for threshold cracking due to blasting,
and are also employed in many commercially available vibration-
monitoring systems (Svinkin, 2004).
For building damage criteria associated with blasting and min-
ing activities, the “Z-curve” or “Siskind curve” is the information
most often cited. It was published by Siskind et al. (1980) as a result
of an extensive study conducted in the late 1970s using data from
numerous blasts, gathered from monitoring for different types of
structures (Fig. 3a). The resulting graph shows the limits in peak
particle velocity (PPV) in inch per second (ips), recommended by
the U.S. Bureau of Mines (USBM) to preclude cosmetic damage to
plaster and drywall, i.e., the most fragile building materials. As the
frequency of the ground motion changes from low to high (1–40 Hz)
the structure responds less and the limits increase.
Fig. 3b shows the USBM PGV limits for cosmetic damage (and
modiﬁcations to these limits by the Ofﬁce of Surface Mining—OSM),
together with curves for human perception. The limits for human
perceptions are those speciﬁed, as proposed guidelines in the U.S.
Army Engineering Manual EM 1110-2-3800 (USACE, 1972) and also
considered for ground-vibration-induced pile driving and associ-
ated with EGS developments (Athanasopoulos and Pelekis, 2000;
Bommer et al., 2006). Fig. 3b shows that humans feel high frequency
events, e.g., high acceleration. However, these human-perception
curves, while applied for recommendations related to blasting,
actually originate from studies of human exposure to steady-state
sinusoidal vibrations, i.e., not short-duration events. For occasional
injection-induced events, it is reasonable to use these criteria for
a general description of human perception, but not as an absolute
vibration limit. Thus, in this paper, we  will use these human per-
ception criteria merely for discussion in terms of potential nuisance
to the local population.
3. Simulation of injection-induced fault reactivation and
wave propagation
The simulation presented in this paper was conducted with the
coupled thermo-hydro-mechanical code TOUGH-FLAC (Rutqvist
et al., 2002; Rutqvist, 2011), which has previously been applied
to study ﬂuid-induced fault reactivation, in both generic and site
speciﬁc studies (Rutqvist et al., 2007; Cappa et al., 2009; Cappa
and Rutqvist, 2011a,b, 2012; Mazzoldi et al., 2012; Rinaldi and
Rutqvist, 2013). TOUGH2 is a ﬁnite-volume code for the simulation
of multiphase ﬂuid ﬂow (Pruess et al., 2011); FLAC3D is a ﬁnite-
difference code for the simulation of geomechanics (Itasca, 2011),
here applied for modeling of fault rupture as well as wave prop-
agation. The approach adopted here involves coupled ﬂuid ﬂow2
and fault rupture. Then, seismological theories are used to calculate
the seismic source parameters. A strain-softening fault constitu-
tive model enabled us to model sudden, dynamic fault rupture, as
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Fig. 3. Ground-vibration damage and human-perception limits from mining and
construction discussed in this study of CO2-injection induced-seismicity: (a) ground
vibration damage summary including USBM RI 8507 (Siskind et al., 1980) recom-
mended safe limits, structural damage data means (lines), and damage observations
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Fig. 4. Model geometry and boundary conditions and ground-motion recording sta-symbols) (modiﬁed from Svinkin, 2004); (b) USBM-recommended limits for cos-
etic damage in plaster stucco and drywall and human-perception USAGE (1972)
imits for blast vibration (after Bommer et al., 2006).
ell as provide a source for wave-propagation and ground-motion
alculations (Cappa and Rutqvist, 2012). The wave-propagation
as calculated using the FLAC3D dynamic analysis option based
n an explicit ﬁnite difference scheme to solve the full equations of
otion in a fully nonlinear analysis (see Itasca, 2011 for details).
The basic model geometry and input is the same as that used
n Cappa and Rutqvist (2012) and involves a reservoir bounding
ault with a dip angle of 80◦, width of 2.5 m,  and tectonic shear dis-
lacement offset (throw) of 125 m (Fig. 4). The model simulationstions (blue and red triangles) after Cappa and Rutqvist (2012). (For interpretation of
the  references to color in this ﬁgure legend, the reader is referred to the web version
of  the article.)
were conducted in a vertical cross section normal to the strike of
the fault represented in a 2D plane-strain model (2 km × 2 km). The
storage formation is 100 m thick and bounded at the top and bot-
tom by low-permeability 150 m thick formations, which, in turn,
is surrounded by two  other permeable formations. Dynamic anal-
ysis required a very ﬁne mesh with element sizes of 0.25 m along
the rupture zone, in order to resolve the weakening process over
the nucleation zone and to avoid mesh-induced artiﬁcial reﬂections
(Cappa and Rutqvist, 2012).
Initial conditions for the model simulations were derived
assuming (1) hydrostatic ﬂuid pressure with the ground water table
adjacent to the ground surface, (2) a temperature assuming a depth
gradient of 25 ◦C/km with a ground-surface temperature of 10 ◦C,
and (3) a vertical stress from the weight of the overburden rock
for a bulk density of density  = 2260 kg/m3, with the initial min-
imum horizontal stress being scaled by a factor 0.7 of the vertical
stress, i.e. h = 0.7v. The minimum horizontal stress is assumed
to be oriented normal to the strike of the fault plane, whereas the
maximum horizontal stress is assumed to be oriented parallel to the
strike of the fault plane and with a magnitude equal to the vertical
stress, i.e., H = v. With these parameters, the initial ﬂuid pressure
and temperature at the depth of the CO2 injection zone (1000 m)  is
about 10 MPa  and 35 ◦C, respectively, whereas the vertical stress is
22.2 MPa  and minimum horizontal stress is 15.5 MPa. The studied
case in which a normal fault bounds a storage reservoir between
two caprocks corresponds to a critical geometrical case for fault
activation during CO2 injection (Hawkes et al., 2005).
In the model simulations, CO2 was injected as a point source
within the storage formation, with a constant rate of 0.02 kg/(m s)
(i.e. 630.72 tons/m/year). This is the injection rate for the half-
symmetric model and per meter normal to the 2D model, and
results in a reservoir pressure increase that would lead to fault
reactivation within a few months of injection. Our simulation was
conducted to intentionally induce fault reactivation, which occurs
at a high reservoir pressure in an unfavorable stress regime. In
fact, to reactivate the fault, we had to increase the reservoir pres-
sure to exceed the initial minimum principal stress. This is an
extreme case that in practice could be avoided by careful site
characterizations, monitoring, and injection control. However, we
68 J. Rutqvist et al. / International Journal of Gre
Table  1
Material parameters.
Parameters Storage
formation
Caprock Others
formations
Fault
Young’s modulus (GPa) 10 10 10 5
Poisson’ ratio 0.25 0.25 0.25 0.25
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for the comparison with various criteria related to potential dam-Porosity 0.1 0.01 0.1 0.1
Permeability (m2) 10−13 10−19 10−14 10−16
ay  compare this injection rate to a ﬁeld situation. For exam-
le, assuming that injection would take place in a 1 km long
orizontal well, the total injection rate for that well would be
30.72 × 2 × 1000 ≈ 1.26 × 106 tons/year, i.e., about 1.3 million tons
er year. We  may  also compare this to real injection rates at the In
alah CO2 storage project, where injection rates have been 0.5–1.0
illion tons per year distributed over 3 horizontal injection wells,
ach 1–1.5 km long (Rutqvist et al., 2010).
Properties for the permeable formations and the bounding
ow-permeable layers represent sandstone and shale, respectively
Table 1). The properties for the formation layers are not taken from
 speciﬁc site but are realistic for sandstone and shale units (e.g.
oback, 2007) and appropriate for a CO2 sequestration site. That is,
njection zone consists of a sufﬁciently porous and permeable sand-
tone and the caprock of a sufﬁciently tight shale to be an effective
eal. The exact values of the elastic properties are not critical for the
nalysis of the potential for fault reactivation, but affect the wave
ropagation speed. In this case, based on the elastic constants in
able 1, the P-wave velocity, Cp = 2360 m/s, and the S-wave veloc-
ty, Cs = 1402 m/s. The fault properties, on the other hand, are very
mportant for the potential for fault reactivation and induced seis-
icity, especially the frictional strength. In this study, the fault is
odeled using an elasto-plastic anisotropic Mohr–Coulomb model,
 built-in FLAC3D constitutive model (Cappa and Rutqvist, 2011a,b).
he strain-softening fault geomechanical behavior was achieved by
 reduction of the coefﬁcient of friction during co-seismic shear slip
rom a peak static value, s = 0.6, to a dynamic value, d = 0.2, over
 critical plastic strain of 10−3 (Cappa and Rutqvist, 2012). A coefﬁ-
ient of friction of 0.6 is commonly observed for laboratory samples
s a lower limit value for the most common rocks and has also
een inferred from ﬁeld observations as the Earth’s shallow crust
eing critically stressed for frictional failure (Byerlee, 1978; Zoback,
007). However, clay-rich fault rock could have a much lower coef-
cient of friction, especially under wet conditions (Zoback, 2007;
amuelson and Spiers, 2012). A residual shear strength of 0.2 is
ot unusual for clay-rich fault gauge (Ikari et al., 2009), but we
hould relate our residual coefﬁcient of friction to the dynamic
riction coefﬁcient in seismology, which depends on displacement
ate, among other factors (Samuelson and Spiers, 2012). Thus, the
alues taken for the input parameters of the fault are uncertain,
nd we consider the selected parameters in this analysis as one
et of possible parameters designed for generating a reasonable
njection-induced seismic event for our study.
Fig. 5 presents a set of results related to the reactivation of the
ault located at a depth of about 1000 m.  For the assumed system
nd injection rate, the simulation showed that after more than 1
onths of injection (∼40 days), a dynamic fault rupture nucleates
t the base of the CO2 reservoir. At the initiation of the fault rupture,
he ﬂuid pressure had increased by about 7.5 MPa, i.e., achieving a
otal ﬂuid pressure of 17.5 MPa, a few MPa  higher than the local ini-
ial minimum principal stress at 1000 m depth. Moreover, as shown
n Fig. 5b, the ﬂuid pressurization of the reservoir caused a simul-
aneous increase in shear stress and reduction of effective normal
tress, until the stress state reached the s· failure surface (quasi-
tatic model phase in Fig. 5b). The shear stress on the fault increases
t this monitoring point at the base of the reservoir, because ofenhouse Gas Control 24 (2014) 64–77
pressure-induced vertical expansion of the reservoir to the left of
the reservoir bounding fault.
After the stress-state reaches the s· failure surface, the fault
reactivates with a sudden shear stress drop of about 1.4 MPa, as the
friction drops to residual value and the shear stress equilibrates
with the residual shear strength (dynamic phase in Fig. 5b). The
fault reactivation induces localized plastic shear strain distributed
over a length of about 290 m, with a maximum value of 4.5 × 10−3,
in a portion of the fault just below the reservoir (red zone in Fig. 5a).
The full dynamic analysis showed that the rupture self-propagated
as a result of fault-strength weakening, such that the slip prop-
agated outside the pressurized zone (Fig. 5a). The reactivation
occurred over about 0.4 seconds with a maximum co-seismic shear
slip of about 4 cm (Fig. 5c). Based on the calculated co-seismic
fault rupture length and average shear-slip displacement (290 m
and 0.03 m),  we  quantiﬁed the overall size of the seismic event. A
seismic moment, M0 = 3.48 × 1013 Nm and a moment magnitude in
the range of Mw ≈ 2.5–3 were calculated using seismology relation-
ships by Hanks and Kanamori (1979) and Kanamori and Anderson
(1975) (Appendix A).
The simulated sudden fault rupture generated seismic waves
that propagated and hit the ground surface at the speed cor-
responding to the P and S wave velocities for the medium of
respectively Cp = 2360 m/s  and Cs = 1402 m/s. In the dynamic simu-
lation, the computational domain was limited laterally and at the
base by absorbing conditions to avoid spurious reﬂections from
boundaries. The mesh size and the time step were designed to accu-
rately simulate the wave-propagation (Cappa and Rutqvist, 2012).
The simulation includes energy dissipated by the plastic response
within the fault as well as through interaction with the pore ﬂuid,
which reduces the ground accelerations compared to those calcu-
lated in a purely elastic medium. Under these conditions, no other
artiﬁcial damping had to be imposed. Thus, the calculated wave
attenuates by geometric spreading, pore ﬂuid interaction, scatter-
ing, and by a substantial dissipation associated with plastic ﬂow in
the fault.
In order to verify our model simulation of ground motion, we
used the simulated ground-motion wave train at several monitor-
ing stations in an inverse analysis to estimate source parameters
(moment magnitude, rupture dimensions and stress drop). The
details of this analysis are presented in Appendix B showing a good
agreement between simulated and inverted source parameters.
In the source parameter analysis, the inverted Q-factor (inversely
proportional to attenuation) was  in the range of 20–30. These val-
ues are compatible with Q-factors observed in sedimentary rock
reservoirs (Rutledge et al., 2004; Talebi and Bone, 1998; Godano
et al., 2010). Although we do not rule out mesh effects on the
very high frequency wave propagation results, the reasonable
good agreement between the simulated and back-calculated source
parameters show that the simulated ground motion is sensible. The
resulting ground motion is in the next section used for a detailed
analysis of potential damage of surface structures and nuisance to
the local population.
4. Assessment of surface structural damage potential and
human perception
In Figs. 6 and 7 we  present acceleration and velocity recorded
at 15 assumed stations along the ground surface (red and blue tri-
angles in Fig. 4), for a complete picture of the ground motion and
how it is distributed. We present both acceleration and velocityage on structures and human perception. Moreover, we conducted
a number of new simulations, including a somewhat softer soil
layer at the ground surface that is either 50 or 100 m thick, to
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Fig. 5. Simulations results after Cappa and Rutqvist (2012): (a) Plastic shear strain in the ruptured area and slip proﬁle at the time of seismic rupture (white dots are control
points), (b) shear stress-versus-effective normal stress path in the nucleation zone (control point 5 in (a)) of the rupture within the fault (the slow quasi-static phase is in
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his  ﬁgure legend, the reader is referred to the web  version of the article.)
nvestigate potential damping or ampliﬁcation of the seismic
esponse. The Young’s modulus of this layer was set to be half that of
he underlying rock formation. A more detailed view of acceleration
nd velocity records of two relevant stations (red triangles in Fig. 4)
re presented in Figs. 8 and 9. Fig. 8 shows the results of a station
ocated where the fault surface at the ground, a location where
he highest acceleration and velocity were recorded, whereas Fig. 9
resents acceleration and velocity records for a station located at
he approximate epicenter.
Fig. 6a shows that the high values of horizontal acceleration
re concentrated around the fault (i.e. at about x = 673.3 m and
 = 675.8 m),  whereas the acceleration values quickly attenuate
way from the fault. This is also clearly shown in Figs. 8a and 9a
or a location just 300 m away from the fault where the horizontal
cceleration is much smaller. We  can also see that the high fre-
uency accelerations are substantially damped in the case of a 50
r 100 m thick superﬁcial soil layer (compare red and blue curves
n Figs. 6, 8a and 9a). The same phenomenon of localized very high
GA values around faults has also been observed in the ﬁeld (Wu
t al., 2003; Ripperger et al., 2009). For example, Wu et al. (2003)
eported, from their dense ground motion network in Taiwan, that
arge PGA values were usually characterized by a singular high val-
es in space and time, with sharp peaks rich in high frequencies, and
ith the high values dropping off quickly outside certain neighbor-
oods. In our case, earthquake directivity, i.e., focusing or piling up
f wave energy in the direction of rupture, may  have contributed
o the strong ground-motion response around the fault.
In general the results in Fig. 6 show a PGA less than 0.1 g,
xcept for the horizontal component near the fault, where thes along the fault (white dots in (a)). (For interpretation of the references to color in
PGA is 0.6 g. Note that according to the USGS’ empirically corre-
lated instrumental intensity scale (see bottom Fig. 2), a PGA of
0.6 g would correspond to an instrumental intensity of VIII, which
could give rise to perceived severe shaking and moderate-to-heavy
damage. On the other hand, PGA’s of about 0.1 g would correspond
to an instrumental intensity of V, which could give rise to strong
perceived shaking and light damage. However, as mentioned, those
correlations were made for larger and deeper earthquakes involv-
ing lower frequencies of ground motion, whereas the dominant
frequency in this case is 30–40 Hz for maximum acceleration mag-
nitude (Cappa and Rutqvist, 2012). Such high-frequency ground
motion is not expected to induce structural damage, although cos-
metic damage might be possible and could certainly be felt by
humans at least within a few kilometers from the epicenter.
Fig. 7 shows that the highest velocities are also associated with
horizontal ground motion around the fault, with a maximum PGV of
about 30 mm/s  (Fig. 7a at x = 675.8 m with PGV after about 0.7 s). As
with PGA, the PGV magnitude also decreases for stations away from
the fault being in the range of 2–10 mm/s, with the lowest values at
the most distant stations. From the close-up view in Figs. 8b and 9b,
we can see that the maximum PGV is associated with one main
jolt having a period of about 0.1–0.2 s, i.e., a frequency of about
5–10 Hz. This main jolt is followed by smaller velocity peaks at
somewhat higher frequencies. The soil layers have little effect on
the main jolt, with some slight ampliﬁcation in the case of thicker
soil, whereas the subsequent higher frequency velocity peaks are
substantially damped in the case of thicker soil. The peak velocity
values of about 2–10 mm/s  at stations away from the fault are con-
sistent with observations of small and shallow earthquakes at ﬁeld
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Fig. 6. Simulation results of (a) horizontal and (b) vertical component acceleration (expressed in g = 9.81 m/s2) at 15 stations along the ground surface, with and without a
softer  top soil layer (red = no soil layer, green = 50 m thick soil layer, and blue = 100 m thick soil layer). Note the difference in y-axis scale in (a) and (b). (For interpretation of
the  references to color in this ﬁgure legend, the reader is referred to the web  version of the article.)
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Fig. 7. Simulation results of (a) horizontal and (b) vertical component velocity at 15 stations along the ground surface with and without a softer top soil layer (red = no soil
layer,  green = 50 m thick soil layer, and blue = 100 m thick soil layer). Note the difference in y-axis scale in (a) and (b). (For interpretation of the references to color in this
ﬁgure  legend, the reader is referred to the web version of the article.)
72 J. Rutqvist et al. / International Journal of Greenhouse Gas Control 24 (2014) 64–77
Fig. 8. Close-up view of simulated horizontal (a) acceleration and (b) velocity com-
ponent at x = 676 m (on top of fault) with and without a softer top soil layer (red = no
soil  layer, green = 50 m thick soil layer, and blue = 100 m thick soil layer). (For inter-
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Fig. 9. Close-up view of simulated horizontal (a) acceleration and (b) velocity com-
ponent at x = 348 m (approximate epicenter, about 300 m from fault at ground
surface) with and without a softer top soil layer (red = no soil layer, green = 50 m
frequency) for a small, shallow event (i.e. Mw = 3, at 1 km depth).
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eb  version of the article.)
ites (Van Eck et al., 2006; Sharma et al., 2013). Comprehensive data
ets for very shallow earthquake data are rare, but recently Sharma
t al. (2013) derived PGV and PGA values as a function of distance
or a large data set of earthquakes in the range of Mw 0.5–5, at
ypocenter distances of 0.5–15 km.  Their results show average PGA
alue PGV values of about 0.1 g and 10 mm/s, respectively, for an
w = 3 event at a hypocenter distance of 1 km.  The data in Sharma
t al. (2013) also show that at hypocenter distances within a few
m,  local extreme values of PGA = 0.6 g and PGV = 0.05 m/s  exist, i.e.
alues consistent with our simulated extreme near-fault ground
ig. 10. Detailed frequency analysis of the velocity calculated at x = 673.324 m close to 
etween 5 and 50 Hz (Butterworth ﬁlter), (c) the spectrogram (frequency versus time wit
eak  value, and (e) the frequency spectrum of the ﬁltered velocity in the band between 5
n  the time domain) estimated at 0.028 m/s. This peak has a frequency of 6.85 Hz. (For int
he  web  version of the article.)thick soil layer, and blue = 100 m thick soil layer). (For interpretation of the refer-
ences to color in this ﬁgure legend, the reader is referred to the web version of the
article.)
motion. The frequency range of 5–10 Hz obtained in the simulations
is also consistent with observations of shallow induced seismicity
by Van Eck et al. (2006) and Bommer et al. (2006). Although, the
resulting ground motion will always be site speciﬁc the good agree-
ment with available ﬁeld data shows that our simulated ground
motion results are sensible (in terms of duration, magnitude andFor a detailed comparison of the simulated PGV and its fre-
quency content with the USBM building damage criterion and
human perception, we conducted a frequency analysis of the
the fault for the case of no-soil layer: (a) simulated velocity, (b) ﬁltered velocity
h spectral amplitude in color, (d) a close-up view of the ﬁltered velocity around the
 and 50 Hz. The blue point in (4) and (5) corresponds to the peak value (around 1 s
erpretation of the references to color in this ﬁgure legend, the reader is referred to
J. Rutqvist et al. / International Journal of Gre
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vig. 11. Comparison of simulated PGV and frequency at different stations to the
SBM criterion for cosmetic building damage and the human perception criterion.
orizontal velocity record at the top of the fault. From the horizontal
elocity records shown in Fig. 10a, we can see that relatively low
requency oscillations associated with the PGV are intermingled
ith higher frequency oscillations. This high-frequency oscillation
ives rise to high accelerations that continue for several seconds
Fig. 10a), but with relatively small displacement, and with veloc-
ty values that are well below the cosmetic damage threshold. In
rder to obtain a good frequency analysis of the signal, one relevant
or comparison to the Siskind curve, we ﬁltered it in a frequency
and near that of peak value. Using a Butterworth ﬁlter in signal
rocessing, we ﬁltered the data over a 5–50 Hz range and gener-
ted the ﬁltered curve shown in Fig. 10b. Moreover, we  constructed
 spectrogram of frequency versus time and color-coded spectral
mplitude in Fig. 10c. Finally, a close-up view of the ﬁltered velocity
n Fig. 10d and a frequency spectrum in Fig. 10e enabled us to make
 precise identiﬁcation of the PGV to 28 mm/s  at a frequency of
.85 Hz. However, Fig. 10d shows rather a plateau around 25 mm/s
ver a frequency 6–15 Hz.
In Fig. 11, we overlay the calculated frequency spectrum from
ig. 10e on the USBM criterion (Siskind curve) and the human per-
eption criterion. We  see that the simulated velocity of around
5 mm/s  over a frequency of 6–15 Hz (green line in Fig. 11) is
ust above the blue Siskind curve and could therefore potentially
ause cosmetic damage (e.g., hairline fracture in drywall or plas-
er). Moreover, the simulated velocity is above the red line for
npleasant steady-state vibration which implies that this short
uration event would be clearly perceptible by humans. In Fig. 11
e also insert single peak velocity and frequency values at differ-
nt stations along the ground surface. In this case, the frequency
as evaluated directly from velocity record (Fig. 7) using the
zero-crossing” method, which is a method widely adopted by
ining and construction industry for determining and reporting
 single frequency value at the peak velocity of ground motions
Aimone-Martin et al., 2003). It is not as accurate as a full fre-
uency analysis especially when the peak frequency occurs in a
omplex vibration time history containing a variety of frequencies
nd amplitudes. Nevertheless, the results in Fig. 11 show that for
ocations within a few hundred meters from the fault, the peak
elocity is around 20–30 mm/s  at a frequency of about 10 Hz. Atenhouse Gas Control 24 (2014) 64–77 73
larger distances the peak velocity and frequency decreases and sta-
bilizes at about 2.5 mm/s  and 2.5 Hz for stations at distances from
the fault exceeding 1 km (x = 1500–2000 m).  According to Fig. 11, a
PGV of 2.5 mm/s  at 2.5 Hz might be barely perceptible by humans.
Finally, we  may  also compare our simulated PGV against the USGS’
empirically correlated instrumental intensity scale (bottom Fig. 2).
Here a PGV of 30 mm/s  (or 3 cm/s in Fig. 2 units) close to the
fault, would correspond to perceived light shaking an no poten-
tial damage, whereas a PGV of 2–10 mm/s  (or 0.2–1 cm/s) would
be perceived as weak shaking. We  can conclude that the USGS
empirical PGV values are more consistent with the USBM dam-
age criterion; whereas damage criterion based on USGS PGA values
alone would substantial overestimate the potential damage and
human perception.
Based on the exact location, the human perception of the event
might be quite different. For example, to the left of the fault, there
is a relatively strong z-component of velocity, associated the arrival
of the P-wave, that gives rise to high frequency oscillations along
with a downward movement occurring over a few seconds (see for
example in Fig. 7b at x = 486.8 m where strong motions start already
after about 0.2 s and in Fig. 7b where downward movement occurs
from 0.2 s). Similar early P-wave response can be observed just to
the right of the fault, but in this case with a systematic upward
movement. The horizontal velocity components are very small dur-
ing this early P-wave-dominated response. However, the highest
velocity occurs close to the fault, with high values in both horizon-
tal and vertical velocity—and at this location the ground motion
would be distinctly perceptible by humans, perhaps perceived as
unpleasant.
The simulation results are valid for the assumed model setting.
Overall, the model setting adopted in this study is a critical case
in which the fault can be reactivated to induce a seismic event.
This include a set unfavorable conditions such as, (1) a reservoir
bounding fault with pressurization on just one side of the fault, (2)
a conﬁned reservoir allowing for the pressure build-up, (3) a steeply
dipping fault almost optimally oriented for shear reactivation rel-
ative to the in situ stress ﬁeld, (4) a stress ﬁeld with relatively low
least principal oriented normal to the fault strike. Finally, (5) the
fault was  assumed brittle, meaning that the fault can reactivate in
a seismic rather than aseismic manner. Other parameters such as
stress ratio (Cappa and Rutqvist, 2012), the distance of the injec-
tion from the fault (Konstantinovskaya et al., 2014), fault reservoir
thickness, caprock thickness and fault initial permeability (Rinaldi
et al., 2014a) also impact the likelihood of reactivation and the
magnitude and a seismic event. However, the reservoir bounding
fault as a critical case was  already mentioned by Hawkes et al.
(2005), and have recently been shown quantitatively by Rinaldi
et al. (2014b), who  found higher likelihood for seismic response in
a reservoir bounding fault compared to that of a reservoir cross-
ing fault. This is not to say that a larger than Mw 3 earthquake
could never happen during geologic CO2 sequestration operation.
For example, the aforementioned Mw 5.7 Prague earthquake (linked
with nearby waste water injection) was  associated with a reservoir
bounding fault attached to the brittle crust (Keranen et al., 2013).
Thus, the likelihood for induced seismicity will be site speciﬁc and
a quantitative dynamic model analysis like the one demonstrated
in this study could be applied to a real site, for example to study
potential induced seismicity and ground motion associated with an
identiﬁed critical fault.
Finally, we note that the seismic event calculated in our syn-
thetic case would not cause any loss of caprock integrity or upward
CO2 leakage toward the ground surface as the fault reactivation
took place below injection zone and not through the overlying
caprock. This is in line with recent simulation results in Rinaldi
et al. (2014b), who found poor correlation between the seismic
events and CO2 leakage, as relatively small-magnitude (between
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 and 3.5) events are not sufﬁcient to substantially change the per-
eability along the entire fault length. They found that a reservoir
ounding fault with large shear offset was especially prone to cause
njection-induced seismicity, but not to cause upward CO2 leakage.
owever, we also note that the calculated ground motion and sur-
ace effects in this synthetic study are similar to that associated
ith the well-known 3.4 magnitude seismic event that occurred
ssociated with a hydraulic stimulation operation at a geothermal
roject in Basel, Switzerland (Häring et al., 2008). The Basel event
ccurred in crystalline rock at a depth of 5 km,  but the local ground-
urface effects were similar, including slight nonstructural damage
o buildings (e.g., hairline cracks in walls or minor pieces of plas-
er falling down—Ripperger et al., 2009). However, the magnitude
.4 event was widely felt in the area of Basel, received nation-
ide and international media attention and put the project on hold
Ripperger et al., 2009). One obvious lesson would be to place any
njection site away from highly populated areas as even a small seis-
ic  event, even if not causing a loss of seal integrity, could likely
nsettle the local population.
. Concluding remarks
In this paper, we analyzed simulations of ground motions caused
y CO2-injection-induced fault reactivation in terms of the poten-
ial for damage to ground surface structures and nuisance to the
ocal human population. We  conducted an integrated analysis from
ause to consequence, including the whole chain of processes start-
ng from earthquake inception in the subsurface, wave propagation
oward the ground surface, to assess the consequences of ground
ibration. From co-seismic average shear displacement and rupture
rea, we determined the moment magnitude to about Mw = 3 for
n injection-induced fault reactivation at a depth of about 1000 m.
o verify our modeling approach, we used the resulting ground-
otion wave train at several monitoring stations to conduct an
nverse analysis by estimating source parameters (moment mag-
itude, rupture dimensions and stress drop), showing a reasonably
ood agreement. The good agreement between the synthetic and
nverted source parameters veriﬁes that we correctly model the
hain of processes from earthquake inception to ground vibration.
e then presented the results in terms of ground acceleration and
elocity, and how these are distributed over multiple locations on
he ground surface. In particular, we compared values of the peak
round acceleration (PGA) and peak ground velocity (PGV) to U.S.
eological Survey’s instrumental intensity scales for earthquakes,
nd U.S. Bureau of Mines vibration criteria, as well as human per-
eption vibration limits.
Our results showed (for the particular case simulated) locally
trong PGA values up to 0.6 g close to the fault intersection with
he ground surface, whereas PGA values away from the fault
uickly attenuate to values below 0.1 g. A maximum PGV of about
0 mm/s  also occurred close to the fault at the ground surface.
his maximum PGV was  associated with an initial pulse, one
olt, at a frequency of about 5–10 Hz, which (according to the
SBM Siskind curve) could induce cosmetic damage in the form
f hairline cracks in the plaster and drywall of buildings. The
ntire wave train from this 1000 m deep Mw = 3 event lasted for
bout 1.5 s, but with apparent high-frequency free oscillations
t the fault that continue for several seconds thereafter. Based
n research into human tolerance of vibration, this event would
ikely be clearly felt and considered unpleasant by humans around
he fault, where the PGV = 30 mm/s  during one jolt, and veloci-
ies oscillate above 10 mm/s  for about 0.5 s. If one would look at
he maximum PGA = 0.6 g, and the USGS’ empirically correlated
nstrumental intensity scale (see bottom Fig. 2), a PGA of 0.6 g
ould correspond to an instrumental intensity of VIII, which wouldenhouse Gas Control 24 (2014) 64–77
correspond to perceived severe shaking and moderate-to-heavy
damage. However, as previously discussed, the USGS’ criteria were
developed based on tectonic events, which occur much deeper
than shallow injection-induced seismic events. Thus, our results
conﬁrm the appropriateness of using PGV (rather than PGA) and
frequency for the evaluation of potential ground-vibration effects
on structures and humans from shallow injection-induced seismic
events.
Finally, in this study we demonstrated for a synthetic case that
the integrated analysis involving the chain of processes from cause
to consequences can be done quantitatively. At a future injection
site, such an analysis will require site speciﬁc input parameters,
including depth of injection zone, likely fault orientations and stress
ﬁeld, injection rates, and site speciﬁc material properties. For a
dynamic wave propagation and ground vibration analysis it could
also involve model calibration and testing of the velocity and atten-
uation properties against seismic data (if available). One of the key
properties for fault reactivation modeling is the coefﬁcient of fric-
tion of the fault and how it drops with shear. In our study, the
coefﬁcient of friction dropped from 0.6 to a residual value of 0.2
and we consider this as a conservative (worst case) scenario. A
smaller difference between peak and residual shear strength sig-
niﬁcantly reduces the seismic response such that seismicity would
easily drop to levels that would result in ground vibrations not dis-
cernable by humans. This would be sites with more ductile (rather
than brittle) rock properties that could accommodate the injection
and yield to increasing reservoir pressure in an asseismic (rather
than seismic) manner. Thus, in additional to placing a CO2 injec-
tion site away from dense populations, settings with more ductile
rock properties would be preferable to minimize the risk of induced
seismicity.
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Appendix A. Seismic moment and moment magnitude
calculation
First, the scalar seismic moment M0 deﬁned for a ruptured patch
on a fault by Hanks and Kanamori (1979):
M0 = Ad (A1)
where  is the shear modulus, A is the rupture area, and d is the
average slip on the rupture area. Second, the moment magnitude
(Mw) of an earthquake is given, in terms of seismic moment, by
Kanamori and Anderson (1975) as
Mw = 23 (log10(M0) − 9.1) (A2)
where the seismic moment, M0, is in Nm.  Using Eqs.
(A1) and (A2), we calculate a seismic moment of
M0 = 4 × 109 × 1000 × 290 × 0.03 = 3.48 × 1013 Nm,  and a moment
magnitude of Mw = 2.96. Note that our simulation result was
achieved with a 2D plane-strain model, and in calculating
the seismic moment and magnitude, we  assumed that a 1 km
section of the fault ruptured, leading to a rupture area of
1000 × 290 = 290,000 m2. This is a rupture geometry that could be
related to (for example) a 1 km long horizontal injection well. Alter-
natively, we  may  assume a circular rupture area with a diameter
equal to the 290 m rupture length calculated from the plane strain
analysis. Then, M0 = 4 × 109 ×  × 1452 × 0.03 = 7.93 × 1012 Nm,
and the moment magnitude Mw = 2.53.
 of Greenhouse Gas Control 24 (2014) 64–77 75
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ppendix B. Inversion of earthquake source parameters
rom ground motion
The seismograms (velocity) recorded at 15 stations on the
round surface are shown in Fig. B1; these are the records we  use
or inverting source parameters. The analysis was  done for the case
ithout any shallow soil layer.
The frequency content of waves generated by a seismic event is
mpirically related to the magnitude of the event. First, the signal
rom three component sensors can be inverted for seismic moment
nd size of rupture by assuming a model for the source and relat-
ng that to an amount of slip. The Brune source model (Brune, 1970)
tipulates that frequency response of the signal in displacement is
at until the corner frequency is reached, at which point the ampli-
ude falls off as f − 2 (although other models yield high-frequency
symptotes of f − 2.5 or f − 3). By ﬁtting such a model to the dis-
lacement spectrum, we can estimate the low-frequency plateau
0 and the corner frequency fc, and use them directly in the calcu-
ation of seismic moment and size of rupture area (source radius),
espectively.
The general expression of the far-ﬁeld displacement spectrum
or P or S wave (Fig. B2) is:
ij =
˝0
[1 + (f /fc)n ]1/n
exp(−ft∗ij) (B1)
here ˝0 is the amplitude of the spectrum low frequency part
plateau), fc is the corner frequency,  is the high frequency fall-
ff rate (on a log–log plot) and n is a constant. Initially, Brune
1970) proposed a static rupture model for a circular fault with
 = 2 and n = 1. Boatwright (1980) proposed a modiﬁed version with
 = 2, which was used in the present study. The Boatwright model
roduces a sharper corner frequency than the Brune model, which
eems to generally better match observed data (Abercrombie,
995). The parameter t∗
ii
is a measurement of the inelastic atten-
ation between an earthquake i and a seismological station j and is
eﬁned as:
∗
ij =
tij
Q
(B2)
ig. B1. Seismograms (velocity) recorded at each of the 15 stations. The velocity
ecords for the 15 stations are the same as shown in Fig. 15a, but normalized to the
GV to more clearly show the P wave arrival time, indicated with vertical bars. Inset:
ross section displaying the position of the station (triangles) and the hypocenter.
tation st05 and st06 have nearby location; only station st05 is represented on the
ross section.
Fig. B2. Observed (black) and theoretical (red) P-wave far-ﬁeld displacement spec-
trum at station st01, st07, and st15. Corner frequency is indicated by the blue straight
line. Plateau value is indicated by black dashed line. (For interpretation of the refer-
ences to color in this ﬁgure legend, the reader is referred to the web  version of the
article.)
where tij is the earthquake-station propagation time and Q is
the quality factor characterizing the inelastic attenuation of the
medium.
In this study, we  will consider the P-wave exclusively. The P-
wave is preferable to the S-wave for spectral analysis, because
P-waves are not affected by prior waves—contrary to the S-wave,
which can be affected by converted waves or by the P-wave itself
if the delay time between P- and S- is short (as in this case).
The far-ﬁeld displacement spectrum Uobs
ij
is computed at each
station for a time window (0.4 s) containing the P-wave. For 3-
component recordings, the displacement spectrum is obtained by
summing the components (in our case, we  have only two  compo-
nents):
Uobsij =
√(
UX
ij
)2
+
(
UY
ij
)2
+
(
UZ
ij
)2
(B3)The parameters ˝0, fc, and t∗ij are determined next, by inverting the
observed spectrum. In practice, an iterative exploration is made
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n the corner frequency value. For each explored fc, Eq. (B1) is
inearized:
n
(
Uobsij (f )
√
1 +
(
f
fc
)4)
= ln(˝0) − ft∗ij (B4)
0 and t∗ij are determined by solving the following linear system:
ln
(
Uobs
ij
(f1)
√
1 +
(
f1
fc
)4)
.
.
.
ln
(
Uobs
ij
(fk)
√
1 +
(
fk
fc
)4)
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=
⎡
⎢⎢⎢⎢⎣
1 − f1
.
.
.
1 − fk
⎤
⎥⎥⎥⎥⎦ ·
[
ln(˝0)
t∗
ij
]
(B5)
he optimal solution is the values of parameters ˝0, fc, and t∗ij , min-
mizing the difference between the observed and the theoretical
pectrum.
Scalar seismic moment and source radius can be computed from
0, and fc, respectively. Scalar moment is obtained as:
0 =
4C2pR˝0
FP
(B6)
here  is the medium density, Cp is the P-wave velocity at the
arthquake source, R is the source-station distance, and FP is the
ean radiation pattern coefﬁcient of the P-wave. This coefﬁcient
s taken as 0.52 (Boore and Boatwright, 1984). The earthquake
oment magnitude is obtained from the scalar seismic moment
sing Eq. (B2).
Several models have been proposed to estimate source radius
rom corner frequency. The Madariaga model (Madariaga, 1976)
nd the Brune model (Brune, 1970) are the most frequently used
n seismology. Note that the fault geometry for these two models
s not the same. The Madariaga model uses a plane circular fault
two-dimensional model) whereas the Brune static model uses a
inear fault (one-dimensional model) and then approximates the
urface of the fault as a circular surface. In our numerical model,
e make the same approximation as Brune; therefore, in the fol-
owing, we compute source radius from corner frequency by using
rune’s model. Initially, Brune attempted to relate circular source-
imension to S-wave corner frequency. Hanks and Wyss (1972)
xtended the Brune model to the P-waves. Hence for a P-wave,
ource radius can be estimated by:
0 =
2.34˛
2fc
(B7)
stimations of the scalar moment (M¯0) and source radius (r¯0) are
btained by averaging all M0 and r0 computed using Eqs. (B6) and
B7) at each station recording the event. From these average values,
he stress drop can be estimated from (Eshelby, 1957):
  = 7M¯0
16r¯30
(B8)
he seismogram (velocity) records (Fig. B1) show that the P-wave
olarity at stations st01 and st02 is clearly down. There is no clear P-
ave at stations st03, st04, st05, and st06, because waves recorded
y these stations are emitted near the fault plane where there is no
-wave radiation. The P-polarity at the other stations is clearly up.
ll these polarities are in accordance with a normal fault rupture
Fig. B1, insert).
Fig. B2 gives examples of ﬁt between observed and theo-
etical displacement spectra (stations st01, st07 and st15) with
orner frequencies around 4–7 Hz. The estimated value of scalarenhouse Gas Control 24 (2014) 64–77
moment is (M¯0) = 2.43 × 1013 Nm, which, according to Eq. (A2),
corresponds to a moment magnitude Mw = 2.85. We consider this
to be a very good estimate compared to the expected values.
Recall that depending on our assumption of a circular or 1 km
wide rupture for calculation of the rupture area, we  calculated
from the numerical simulation a seismic moment of 7.93 × 1012
or 3.48 × 1013 Nm,  hence the inverted value being between these
two values. Moreover, the inverted moment magnitude Mw = 2.85
is then also between the two  calculated of 2.53 and 2.96. Thus, the
scalar moment and moment magnitude evaluated from the ground
motion is within the range of expected values, depending on the
assumptions for the shape and width of the rupture area.
The estimated value of source radius with the Brune/Hanks and
Wyss model (BHW model) is r¯0 = 215 m, and the corresponding
stress drop is   = 1.06 MPa. The actual source radius taken as half
the linear rupture length is 145 m.  Hence, using the BHW model, we
calculate an error of 48% on the source radius estimation. For the
stress drop, we make an error of 24% (expected   = 1.4 MPa). The
differences in the stress drop and radius are not surprising since
our model and BHW model are not the same (dynamic vs. static)
even if they have one-dimensional fault plane geometry and circu-
lar source assumption. However, much of the difference in stress
drop and radius is likely a result of the assumption of a circular
source versus one-dimensional source in the model. When consid-
ering equivalent rupture area, the area estimated from the inverse
analysis is (as with the magnitude) within the range of the modeled
(for the two  extremes of a 1 km wide or circular shaped rupture).
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